~" The effects of graded mechanical cerebral trauma on cerebrovascular reactivity to CO2 was studied in 26 cats. A fluid-wave percussion model was employed which delivered an epidural trauma of fixed duration and variable amplitude. The animals were maintained at arterial normoxia, with constant monitoring of intracranial and systemic arterial pressures, electroencephalograms, and end-tidal CO2. Following trauma, cerebral blood flow was measured using the H2 ion clearance technique at PaCO2 levels ranging sequentially from 20 to 60 mm Hg. Cerebrovascular reactivity for control animals (uninjured) was 2.7%. In the group with mild trauma (0.76 to 1.90 atm) reactivity was impaired (1.7%), and it was abolished in the severely injured group (2.90 to 4.60 atm). Mild injuries did not alter resting blood flows, while severe trauma resulted in a significant decrease in cerebrovascular resistance. Intracranial and systemic arterial pressures were altered proportionately to the level of cerebral injury. The authors propose that trauma to the brain-stem vasoregulatory centers accounts for these findings.
I
MPAIRMENT of cerebral vasomotor responsiveness to changes in partial pressure of arterial carbon dioxide (PaCO2) has been observed in man after accidental head injuries, 7-9,sS,sg,38m,4~ and in laboratory animals following experimentally induced cerebral trauma. 2~ Often, however, the primary traumatic lesions in these experimental models, and certainly in patients, have been contaminated by secondary insults such as hypoxemia, ischemia, and hypertension or hypotension, which have, themselves, been shown to alter cerebrovascular reactivity to PaCO~. s,ls-15,=4,s~,41 This has obscured the importance of the primary effects of trauma in the pathogenesis of that dysregulation.
In the present study, we have attempted to determine if the loss of cerebrovascular dysregulation results as a primary effect of cerebral trauma per se, or whether it occurs as an epiphenomenon causally related to its commonly associated secondary insults. We have used a model with which graded cerebral trauma may be administered; the sole variable is the peak pressure exerted by the injury force, and the duration of the blow is constant. All animals were maintained at arterial normoxia, and intracranial pressure (ICP) and mean arterial tilood pressure (MABP) were continuously monitored. Cerebral perfusion pressures (CPP's) were observed to be maintained at nonischemic levels. In one series, normotension was preserved by preventing the reflex systemic hypertension which normally occurred following trauma. Then, by determining COs reactivity in those animals, we were able to statistically analyze the interaction of trauma per se and altered cerebrovascular reactivity.
Materials and Methods
Twenty-six adult cats, unselected as to sex and weighing from 2.3 to 3.5 kg, were anesthetized with a single dose of methohexital sodium (30 mg/kg). They then underwent tracheotomy and were placed on a Harvard ventilator* with a gas mixture of 60% NsO and 40% Os. End-tidal COs was continuously monitored with a Godart capnograph.1" The animal was paralyzed with succinylcholine buffered with sodium bicarbonate which was administered continuously into a cannulated femoral vein by a Harvard infusion pump.~ A cannula placed into the abdominal aorta via a femoral artery measured systemic arterial pressure. After all points of contact were locally infused with lidocaine, the animal was placed into a Trent-Wells stereotaxic framew (Fig. 1) . Electroencephalogram (EEG) was continuously monitored from small metal screws placed biparietally, with one in the frontal region serving as a reference electrode to assure that the brain was electrically viable throughout the experiment. The tip of a No. 22 31/2-in. spinal needle was inserted stereotaxically into the right lateral ventricle for ICP measurement.
A hollow metal injury screw was placed epidurally through a circular craniectomy, 11 mm in diameter, made over the parieto-occipital extent of the sagittal sinus, then rigidly fixed with dental acrylic. Cerebral trauma was then administered by the technique described by Sullivan, et al., 38 which delivered a variable-pressure fluid-wave pulse of a constant duration to the intact dura. A Statham strain gauge transducer II between the trauma cylinder and screw measured the amplitude and duration of the fluid pulse wave which was then recorded on a Tektronix dual beam storage oscilloscope.* The duration of the pulse wave of pressure remained constant in this model at 20 msec. The amplitude of the pressure wave was the sole variable, and was calibrated in atmospheres (1 atm = 760 mm Hg).
All animals were placed in the trauma device and were then randomized into either a control group that received no trauma, a mild-injury group (0.76 to 1.90 atm), or a severe-injury group (2.90 to 4.60 atm). When the animal was found to be normocapnic (PaCO2 = 30 5:2.5 mm Hg) and normoxic (PaO2 > 100 mm Hg), the trauma was administered, and the immediate changes in arterial pressure and ICP were :~Harvard infusion pump manufactured by Harvard Apparatus Co., 150 Dover Road, Millis, Massachusetts. measured. Immediately following the trauma, platinum electrodes, 0.01-in. in diameter, were passed through small, bifrontal craniectomies and stereotaxically placed into each caudate nucleus, and connected to a hydrogen ion current amplifier. The cerebral blood flow (CBF) was measured in a cylinder of brain tissue from cortex through centrum semiovale to deep gray matter by administering pure hydrogen gas by inhalation at an H2 flow rate of 10 to 20 cc/min, so the deflection on the dynograph reached the maximum height in 30 to 60 seconds. The H2 was turned off, and the blood flow was determined from the H~ washout curve. 1,1~176 In all cases the H2 concentration in the brain had essentially returned to baseline within 15 minutes. Initial CBF determinations were made 30 minutes after trauma, and again at 1 hour under normocapnic conditions. Then by manipulations of minute ventilation and CO~ flow rate, PaCO2 levels of 20, 40, 50, and 60 mm Hg were sequentially obtained. Determinations of CBF were made at each level, a process that took from 2 to 3 hours to complete. Frequent arterial blood gas determinationst at each of these levels ensured steady-state conditions. To maintain MABP at near initial levels, the animal was bled, or administered intravenous angiotensin when necessary. The EEG, end-tidal CO2, MABP, ICP, and H2 washout curves were all recorded on a Beckman eightchannel dynograph recorder:~ (Fig. 2) .
In order to assess the effects of graded cerebral trauma in the absence of the reflex systemic hypertension, which occurred in animals receiving greater than a 1.14-atm injury, a separate series of six animals was studied. In these animals, trauma of 1.9, 2.3, and 3.0 atm was administered, and baseline MABP levels tBlood gas analyzer manufactured by Instrumentation Laboratory, Inc., 113 Hartwell Avenue, Lexington, Massachusetts.
~:Beckman 8-channel dynograph recorder manufactured by Beckman Instruments, Inc., 3900 River Road, Schiller Park, Illinois. maintained by the use of a reservoir connected to the abdominal aorta, plus an intravenous infusion of adenosine triphosphate (250 mg in 50 cc of normal saline) at the time of trauma. Three animals were similarly prepared but received no trauma. They were administered an intravenous infusion of adenosine triphosphate (ATP) so as to lower MABP a minimum of 20 mm Hg, thereby serving as controls. The CO2 reactivity was then calculated from CBF determinations made first at normocapnia, then at multiple levels of hypercapnia.
Results

Physiological Response to Injury
Blood Pressure. Initial MABP's of the control group just before platinum electrode placement, and of the mild-and severe-trauma groups just before trauma were statistically equal (119, 117, and 118 mm Hg). The MABP for control animals at 30 minutes and 1 hour following electrode implacement was 123 and 115 mm Hg, respectively, which did not differ significantly (p> 0.1). Thus, the experimental technique did not affect MABP in controls. At 30 minutes and 1 hour posttrauma in the mild-and severe-injury groups, MABP was measured at normocapnia and before any manipulations of blood pressure. Thus, changes in MABP up to that point reflected the effects of trauma per se. Animals that received 1.14 atm of injury or less had no change in MABP either immediately after trauma, at 30 minutes, or at 1 hour. Trauma between 1.15 and 1.90 atm was associated with an immediate but transient average blood pressure rise of 34 mm Hg, lasting 1 to 4 minutes; thereafter blood pressure returned to baseline where it remained at 30 minutes and 1 hour. For the severe-trauma group, all injuries were associated with an immediate, transient MABP rise of 86 mm Hg lasting 3 to 15 minutes. By 30 minutes, MABP was significantly lower (p < 0.01) than baseline at 98 mm Hg, where it remained at 1 hour (Table 1) .
Intracranial Pressure. Initial ICP values for the three groups were: control = 5.3 mm Hg; mild trauma --2.7 mm Hg; and severe trauma = 3.1 mm Hg. These values did not differ significantly. For the control group, ICP levels at 30 minutes and 1 hour did not differ from the initial value, demonstrating that the surgical technique itself did not alter ICP. Immediately after mild trauma, mean ICP rose 3.3 mm Hg. By 30 minutes, ICP returned to near baseline where it remained at 1 hour. A dramatic, immediate rise in ICP resulted from all severe injuries ranging from 12 to 67 mm Hg (mean peak --43.5 mm Hg) ( Table 1) . At 30 minutes and 1 hour, ICP was still 9.1 and 6.5 mm Hg above baseline, respectively (p < 0.05). Those animals that were traumatized but whose MABP was experimentally controlled so as to prevent a reflex rise responded similarly in magnitude to the others receiving comparable degrees of injury (Table 2) .
Cerebral Perfusion Pressure. The CPP was calculated by taking the difference of MABP and ICP values for each animal at each level of PaCO~. It did not change significantly within the first hour for control animals, or animals receiving 0.76 to 1.14 atm of injury. For animals receiving 1.15 to 1.9 atm, CPP was transiently elevated an average of 29 mm Hg due to a greater rise in MABP than ICP following trauma. By 30 minutes and 1 hour, CPP had returned to initial levels. The severe-trauma group experienced a transient average elevation of CPP of 42 mm Hg for the same reason, but at 30 minutes and 1 hour, mean CPP in these animals had fallen significantly below initial levels, to 90 mm Hg. Animals in which the hypertensive response was aborted had CPP values ranging from 50 to 133 mm Hg.
From 1 hour after injury, until the conclusion of the experiment, MABP was maintained at mean initial levels in the manner stated above. By analysis of variance, no statistical indication of a change in CPP occurred within each group at any level of PaCO2 (p > 0.45), confirming that the experimental technique was effective in maintaining CPP at initial levels. The mean CPP for the control and mild-trauma groups were numerically equal at 112 mm Hg. The severe-trauma group had a statistically lower mean CPP of 90 mm Hg (p < 0.01) throughout the study, by the same analysis.
Cerebral Blood Flow
The CBF values were calculated in two ways. First, a monoexponential value was attained by performing a least-square linear regression on the natural logarithm of points every 30 seconds along the course of the washout curve beginning 30 seconds after the hydrogen was turned off, to exclude the effects of recirculating H2. Biexponential analysis was then performed by initially applying least-square linear regression to the natural logarithms of the data points in the final half of the H2 washout curve. The resulting exponential fit was subtracted from the original data, and a second linear regression to the natural logarithms of the subtracted data points performed. Flows calculated from both fits were combined in a weighted average according to the magnitude of the t = 0 intercepts of the fitted curves. Of 200 blood-flow determinations, only 19 yielded a "fast" weight component of 20% or greater. In these instances, weighted average flows were used in the analyses of the results. For the remainder, the monoexponential model was used to calculate hemispheric CBF. *aT Analysis of variance was used to determine the statistical results of the experiment. Included in the statistical model were terms to assess the effects of trauma, and to remove variability due to the animals and to the hemispheres measured. Finally, the effect of changes of PaCO2 on CBF at each trauma level was examined.
Effect of Trauma on Normocapnic Blood Flow and Cerebrovascular Resistance. In order to ascertain
whether trauma had an effect on "resting" blood flow, or cerebrovascular resistance (CVR), we compared CBF and CVR at normocapnia (PaCO~ = 30 mm Hg) in the control, mild-and severe-trauma groups. The mean CBF values did not differ significantly: control= 30.7• 18 (SD) ml/100 gm/min; mild trauma = 30.3 + 11 ml/100 gm/min; and severe trauma = 29.3 + 15 ml/100 gm/min. Since mean CFF far the control and mild-trauma groups were equal (112 mm Hg), calculated CVR values were statistically equal (3.6 and 3.7), implying that low levels of trauma had no effect on "resting" CBF or CVR. The severe-trauma group, however, had a significantly lower CPP of 90 mm Hg. Since normocapnic blood flow was equal to control values, severe trauma was associated with a noticeable reduction of CVR (3.1 mm Hg/ml/100 gm/min). This may have been due either to a direct effect of trauma on cerebral vasomotor tone, or, indirectly, by lowering blood pressure with resultant autoregulation.
The Effects of Trauma on C02 Reactivity. We use the term "COs reactivity" to mean the percentage change in rCBF/change in PaCO2 in mm Hg. It was calculated by analysis of variance, with all points along the curve describing the response of CBF to change in PaCO2 (Fig. 3) .
The control group consisted of six animals with each of their hemispheres measured separately. Determinations on one hemisphere in each of two animals were not possible due to technical problems, making the control sample size 10 hemispheres. The COs reactivity for this group was 2.7%. Little change in CBF was noted for PaCO~ values between 20 and 40 mm Hg. Above 40 mm Hg, however, CBF responded in a steep, linear fashion.
The mild-trauma group, consisting of seven animals, with CBF determinations made in all 14 hemispheres, was administered trauma of from 0.76 to 1.9 atm (mean = 1.20 atm). Compared with control cats, COs reactivity was significantly impaired (p < 0.01) to 1.4%. Again, there was minimal response to changes in PaCO~ between 20 and 40 mm Hg, with the greatest reactivity demonstrated at PaCO~ levels above 40 mm Hg.
Cerebrovascular reactivity in animals in the mildtrauma group injured with 1.14 atm or less, in which there was no perturbation of baseline MABP, was compared with reactivity in animals that received between 1.15 and 1.90 atm, in which elevations of MABP were noted. The COs reactivity was significantly greater (p < 0.03) in the former group, although the sample size was not large enough to allow accurate determination of specific values for each subgroup.
The severe-trauma group (seven animals, 14 hemispheres) received from 2.90 to 4.60 atm of cerebral trauma (mean = 3.4 atm). Although COs reactivity was calculated to be 0.5%, this did not prove to be statistically different from zero (p > 0.4), while the findings from this group were significantly different from both of the other groups (p < 0.01). Thus, there was no indication of cerebrovascular reactivity to CO2 in the severely traumatized animals.
In animals that were injured, but in which reflex hypertensive responses were aborted, there was no indication of a significant reaction of CBF to changes in PaCO2 (p = 0.31). This was true for the group as a composite as well as individually, thereby eliminating decreases in CPP as the cause. Control animals, administered ATP but not injured, had a mean CO2 reactivity of 4.4%, demonstrating that the drug was not responsible for loss of reactivity.
Gross Pathology
Specimens were examined grossly whole and in cut sections. Control animals exhibited no evidence of gross pathology except local, non-hemorrhagic tracts related to the insertion of ICP needles and platinum electrodes, and a minimal left parietal subarachnoid hemorrhage (SAH) in one animal attributable to brain removal. All animals in the mild-trauma group exhibited varying degrees of SAH occurring subfrontally. In one animal with a 0.95-atm injury there was a moderate amount of subarachnoid blood observed over the superior aspect of both cerebellar hemispheres. On cut section, gross intracerebral hemor-rhage was seen in only one animal, and this was related to the ICP needle tract. The cut brain stems of all mildly traumatized and control animals appeared normal.
The salient pathological findings of the severetrauma group included severe subfrontal, subtemporal, superior cerebellar, and ventral brain-stem SAH's extending from the diencephalon to the medulla. In six of seven brains examined, there were gross intracerebral hemorrhages within the brain stem, predominantly in the upper pons and midbrain, ranging in size from punctate to 3 • 4 mm. The ICP needle tracts were moderately hemorrhagic in three specimens.
Discussion
Physiological Response to Injury
Blood Pressure. The present study further confirms the findings of Denny-Brown and Russell) Brown, et al. ? Meyer, et al., ~2"28 and others, x~as who observed transient elevations of blood pressure in laboratory animals following experimental concussion. Using the same experimental trauma model as employed in the present study, Sullivan, et al., 38 found an average rise in MABP of 107 mm Hg following 1.90-to 5.00-atm injuries in cats. Langfitt, et al., x8 likewise observed immediate rises in MABP in cats following moderate or severe blunt occipital mechanical injuries, while mild injuries produced no such elevations.
Furthermore, we observed a highly significant correlation between the level of graded cerebral trauma and the amplitude of the transient rise in MABP for those animals injured with greater than 1.15 atm. By repeated-measure analysis, this correlation had an r value of 0.83 (p < 0.00l). In animals that received injuries of less than 1.15 atm, no change in baseline MABP was seen. At 30 minutes after trauma, the MABP had returned to baseline in those animals injured with 1.90 atm or less, and had fallen significantly below baseline in those more severely traumatized.
Intracranial Pressure. Langfitt, et al., TM observed an immediate rise in ICP of 15 to 150 mm Hg following severe blunt occipital injuries in 22 of 27 cats. They ascribed the cause of the rise in ICP to a traumatically induced paretic, cerebrovascular dilatation with resultant rise in cerebral blood volume. This intracranial hypertension was exacerbated by arterial hypertension, but seemed otherwise independent of changes in MABP. Sullivan, et aL, 3s observed rises in ICP that were similar in time, but were of less magnitude than those in this study. The average response of ICP elevation, 3.8 mm Hg, was skewed in favor of milder levels of trauma, as ICP measurements in many of the more severely injured animals were not attainable owing to technical problems.
We have observed immediate, transient rises in ICP following trauma in all animals that received 1.15 atm of injury or greater. The magnitude of response again correlated significantly (r = 0.87; p < 0.001) with the level of injury by repeated measure analysis. In animals that received injuries of 1.90 or less, the peak rise did not exceed normal values (10 mm Hg), whereas injuries of 2.90 to 4.60 atm were all associated with a period of intracranial hypertension in the range of 16 to 70 mm Hg. At 30 minutes after trauma, ICP had' reamed (statistically) to normal levels.
Our findings, like those of Langfitt, et al., 18 support the view that the transient elevations of ICP following cerebral trauma are neurovascularly mediated. In this mechanism, trauma to the vasoregulatory centers in the brain stem would induce cerebral vasoparesis. Our observations that graded cerebral trauma is associated with impairment, progressing to abolition, of responsiveness to COs is compatible with that concept. Furthermore, vasoparesis would result in cerebral vasodilatation with subsequent increase in blood volume and, thus, elevated ICP. Our finding of a significant decrease in CVR in the severely traumatized group supports that statement. Such a milieu might further be disturbed by the reflex systemic hypertension leading to further increases in ICP in a pressure-passive manner. Two other observations support this proposed mechanism. First, the time course of the ICP elevations roughly parallels that of the reflex systemic hypertensive changes. Its immediate appearance and rapid resolution makes other explanations, such as the appearance of edema, or intracranial bleeding, less likely. Second, elevations of ICP occurred in animals in which reflex MABP rises were aborted. This would preclude the possibility that the rise in ICP was solely based on a pressurepassive mechanism. In the present study, normocapnic CBF in the mildand severe-injury groups 30 minutes and 1 hour posttrauma was determined to be statistically equal to that of control animals. The CPP values of the mildly injured group were identical to controls, thereby making the calculated CVR values also equal. We could, therefore, conclude that injuries of 0.76 to 1.90 atm had not disturbed resting blood flow at 30 minutes and 1 hour posttrauma in our model. In the severely traumatized group (2.90 to 4.60 atm), a significantly lower CPP was observed, resulting, therefore, in a lower CVR. This would be consistent with a traumatically induced paretic cerebral vasodilation as previously stated. Using the same experimental trauma model as employed in this study, Wei, et al.?2 have observed the pial vasculature in the cat through a cranial window following cerebral injuries of 2 to 3 atm. They observed dilatation of the pial arteries to beiween 110% and 140% of the control diameter. Following return to baseline physiological parameters, the dilatation of the vessels persisted. Our finding of loss of CO2 reactivity in this group further supports our hypothesis. Alternatively, we might postulate that although CO2 reactivity was absent, autoregulation might be preserved, thus resulting in an appropriate decrease in CVR for this CPP. Further investigation of this point is necessary.
CO 2 Reactivity. Cerebrovascular reactivity to CO2 was shown by Stoyka and Schutz s7 to be impaired in dogs with experimental cerebral hemispheric cold injuries. Lewis and McLaurin ~9 reported that CO2 reactivity was more variable in postconcussive monkeys, although a statistically significant change was not observed. We have demonstrated that cerebral trauma of 0.76 to 1.90 atm resulted in significant impairment of COn reactivity, and that more severe injuries, in the range of 2.90 to 4.60 atm, abolished that response. Using the same injury model, Wei, et al., 42 observed that pial arteries failed to constrict normally in response to hypocarbia.
By controlling and monitoring the commonly associated secondary insults, we have concluded that this alteration seems to have been a direct effect of the trauma per se. By controlling the animals' ventilation, hypoxic insults have been eliminated as a factor. Although elevations of ICP occurred, it seems unlikely that these contributed to the cerebrovascular dysregulation for two reasons. First, concomitant rises in MABP occurred, thereby preventing significant diminution of CPP during the experiment. Thus, ischemia seems an unlikely cause of loss of CO2 reactivity in our model. Second, impairment of CO2 responsiveness occurred in those animals in the mildtrauma group which had no change in baseline ICP subsequent to injury, as well as in the mild-trauma group as a whole, in which ICP rises did not exceed normal limits. Thus, we cannot implicate the direct effects of elevations of ICP in the pathogenesis of that impairment. Finally, Kontos, et a1 ., 16 have demonstrated that transient rises in systemic arterial pressure in nontraumatized cats abolished responsiveness of pial arteries to hypocarbia when viewed through a cranial window. However, we have demonstrated that CO, reactivity was abolished following trauma even when the hypertensive reflex is aborted. This argues against rises in MABP as the sole cause for this alteration.
Finally, the high correlation of gross brain stem hemorrhage in animals with severe injuries suggests that impairment of CO2 reactivity in our model may be due to disruption of areas in the brain stem that normally mediate that response. Shalit, et al.?8 have demonstrated that cryogenic lesions made in the midbrain, pons, or upper medulla in dogs abolished CO, reactivity. There was no effect on that response by lesions made in the high spinal cord, lower medulla, cerebellum, thalamus, and cerebral hemispheres.
